Berberine, a herbal extract, has been reported to protect against inflammatory disorders. The adenosine 5'-monophosphate (AMP)-activated protein kinase (AMPK) signaling pathway can be activated by berberine and inhibited by the synthetic, reversible AMP-competitive inhibitor, Compound C. The aim of this study was to investigate the effects of berberine on concanavalin A (Con A)-induced autoimmune hepatitis (AIH) in mice via the AMPK pathway.
Background
Clinically, hepatitis can be a severe disease and has a variety of causes, including alcohol, drugs, and viral infections, and autoimmune hepatitis (AIH) also occurs [1] . An established murine model of concanavalin A (Con A)-induced AIH has been wellcharacterized, in which T-cells mediate liver damage, resulting in changes that are similar to those that occur in human AIH [2] . This murine model is widely used to study the pathogenesis, microscopic morphological changes, and effects of potential treatments for AIH. Apoptosis and necrosis of hepatocytes, and leukocyte infiltration are considered to be key features of hepatitis, and in this murine model, activated T-cells infiltrate the liver tissue and induce the expression of pro-inflammatory cytokines, including tumor necrosis factor (TNF)-a, interferon (IF)-g, interleukin (IL)-lb, and IL-2 [3] .
Berberine is an isoquinoline alkaloid (molecular formula, C 2 0H 18 NO 4 ), which can be extracted from many traditional Chinese medicinal plants, including Coptis chinensis and Phellodendron amurense, and has hypoglycemic, antibacterial, anti-inflammatory, hypolipidemic, anti-oxidant, and antitumor pharmacological properties [4] . Recent in vitro studies have been undertaken on the effects of berberine on inflammatory mediators and immune function, including using cultured immune cells (macrophages and splenic lymphocytes) [5] . In these in vitro studies, berberine has been shown to reduce the expression of TNF-a, IL-6, and IL-1b, inducible nitric oxide synthase (iNOS), monocyte chemotactic protein (MCP)-1, cyclooxygenase (COX)-2, and C-reactive protein (CRP) [5] .
In 2013, Xie et al. reported that berberine could downregulate the expression of pro-inflammatory cytokines and acute response proteins in vivo in streptozocin (STZ)-induced diabetic mice [6] . In 2005, Xu et al. confirmed the immunosuppressive role of berberine, via inhibition of the activation and proliferation of T-cells [7] . Although Con A-induced liver injury is believed to be related to the T-cell mediated immune response, no previous studies have shown that berberine can alleviate this response.
Adenosine 5'-monophosphate (AMP)-activated protein kinase (AMPK) is a key metabolic regulator for glucose, fat, and protein metabolism, and it is capable of maintaining cell homeostasis [8] . AMPK can also be activated by several factors such as adiponectin, statins, and metformin [8] . AMPK activation is primarily regulated by the ratio of AMP/ATP, and any factor that reduces ATP expression or increases ATP consumption, such as tissue ischemia, hypoxia, heat shock, and exercise, can activate AMPK [8, 9] . Also, AMPK can be directly activated by upstream AMPK kinases, including serine/threonine protein kinase 11 (STK11) also known as LKB1, and by Ca 2+ /calmodulin-dependent protein kinase kinase (CaMKK), which activate AMPK by direct phosphorylation of the AMPKa subunit at Thr172 [9] . Activated AMPK can phosphorylate its downstream target proteins, such as acetyl coenzyme A carboxylase (ACC) and hydroxymethyl glutaryl CoA (HMG CoA) reductase, thereby regulating cellular biological activity [10] . Studies have also confirmed that berberine can inhibit mitochondrial respiratory chain complex I and increase the ratio of AMP/ATP, leading to AMPK activation [11] . It has also recently been shown that activated AMPK can resolve inflammation and suppress the immune response [12] . However, currently, there are no studies on the effect of the AMPK signaling pathway on Con A-induced liver injury.
The aim of this study was to investigate the effects of berberine on concanavalin A (Con A)-induced autoimmune hepatitis (AIH) in mice via the AMPK pathway.
Material and Methods

Antibodies and reagents
Primary antibodies to berberine, concanavalin A (Con A) and Compound C were obtained from Sigma-Aldrich (St. Louis, MO, USA). Primary mouse monoclonal antibodies to p38 acetyl coenzyme-A carboxylase (ACC) and phospho-p38 ACC were obtained from Cell Signaling Technologies (Beverly, MA, USA). The secondary anti-mouse horseradish peroxide (HRP)-conjugated secondary antibodies were obtained from Santa Cruz Biotechnology (CA, USA).
Animals
Male BALB/c mice (6) (7) (8) 
Measurement of aminotransferases and cytokines
At 8 hour after Con A injection (20 mg/kg), blood samples were collected from the murine heart under anesthesia, and then centrifugated at 1000×g for 10 min to obtain serum samples. Serum aspartate aminotransferase (AST), and serum alanine aminotransferase (ALT) levels were measured using a 7170 fully automated biochemical analyzer (Hitachi, Japan). Levels of tumor necrosis factor (TNF(-a, interferon (IFN)-g, interleukin (IL)-2, IL-1b, and IL-10 were measured using enzyme-linked immunosorbent assay (ELISA) kits, according to the manufacturer's instructions (Abcam, Cambridge, UK).
Histology
A portion of mouse hepatic tissue was harvested at 8 hours after Con A injection, fixed in 4% paraformaldehyde for 24 hours, and embedded in paraffin wax. Sections (3 μm thick) were cut onto glass slides and stored at room temperature. The paraffin wax embedded tissue sections were then stained with hematoxylin and eosin (H&E) for histological evaluation of cell swelling, degeneration, apoptosis, and necrosis, using light microscopy.
RNA extraction and quantitative polymerase chain reaction (qPCR) At 8 hours following Con A injection (20 mg/kg), a 2 mg sample of hepatic tissue was collected. Total RNA was extracted from hepatic tissue samples using RNA-Trip reagent (Applygen, Beijing, China). After quantification, RNA was reverse-transcribed to complementary DNA (cDNA) using a first strand synthesis kit (Thermo Scientific, Rockford, IL, USA). Amplification was performed in a total volume of 20 µl comprising the cDNA template, primers, 2×Taq PCR Master Mix (Solarbio, Beijing, China).
The standard PCR conditions were of 95 C for 30 sec, followed by 40 cycles of 95°C for 5 sec and 60°C for 34 sec, with a final dissociation stage. The samples were run on an MX3000P qPCR detection system (Stratagene, Santa Clara, CA, USA). The amounts of target genes were determined and normalized to the amount of b-actin. Primer sequences are listed in Table 1 .
Western blot analysis
Mouse hepatic tissue samples were lysed in lysis buffer consisting of 150 mM NaCl, 1% Triton X-100, 100 mM Tris-HCl (pH 7.4), 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 10 μg/ml aprotinin, 10 μg/ml pepstatin A, 20 mM Na 2 P 2 O 4 and 2 mM Na 3 VO 4 . Total protein was extracted and measured using a BCA protein assay kit (Pierce Biotechnology Inc., Rockford, IL, USA). Equal amounts of protein (40-80 µg) were resolved using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinyl difluoride (PVDF) membranes. Membranes were blocked in 5% (w/v) dried milk powder in Tris-buffered saline-Tween for at least 1 hour at room temperature, and then incubated with specific primary antibodies and appropriate HRP-conjugated secondary antibodies. The protein bands were demonstrated using an enhanced chemiluminescence (ECL) Western blot kit (Solarbio, Beijing, China). Band intensity was quantified using the Image J software, and protein expression were normalized to b-actin signals.
Statistical analysis
Data were expressed as mean ±SD from at least three independent experiments. Group comparisons were performed by one-way ANOVA and Dunnett's multiple comparison tests using GraphPad Prism 3 (GraphPad, San Diego, CA, USA). P<0.05 was considered statistically significant.
Results
Berberine reduced concanavalin A (Con A)-induced immunologic hepatic injury
The levels of serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT) were used as indicators of liver injury. After mice were gavaged (fed through the mouth via a feeding tube) with solvent or berberine (50, 100, and 200 mg/kg) for three days, the mice were intravenously injected with concanavalin A (Con A) (20 mg/kg). Serum levels of aminotransferases in mice were significantly increased at 8 hours after Con A treatment (P<0.01) ( Figure 1A , 1B). Compared with the Con A group, aminotransferases in the low-dose berberine-treated group (50 mg/kg) showed a decreasing trend, which was not statistically significant (P>0.05). The aminotransferase levels in the medium-dose and high-dose berberine-treated groups (100 mg/kg and 200 mg/kg, respectively) were significantly reduced (P<0.01), but there was no significant difference between the two groups ( Figure 1A , 1B) (P>0.05). Also, when compared with the control group, the aminotransferase levels did not change when high-dose berberine alone (200 mg/kg) was used to treat the mice (P>0.05) ( Figure 1A , 1B). These results indicated that berberine had a protective effect on the elevation of aminotransferases induced by Con-A.
Histochemical staining of mouse liver tissue sections with hematoxylin and eosin (H&E) showed the histological changes in the liver ( Figure 1C ). Histomorphology showed that liver tissue was normal in the untreated control mice and berberine-treated group. Stimulation with Con A resulted in damage to the liver tissue, seen histologically as hepatocyte necrosis and mononuclear cell infiltration. However, berberine administration reduced the injury induced by Con A, including cell swelling, necrosis, and mononuclear cell infiltration. These results indicated that berberine treatment was protective against Con A-induced hepatic injury.
Regulatory effects of berberine on pro-inflammatory cytokines in mice
Con A-induced immune-mediated liver injury was related to the release of cytokines, as demonstrated by the findings from enzyme-linked immunosorbent assay (ELISA), which showed that when compared with the control group, the serum TNF-a, IFN-g, IL-1b, IL-2, and IL-10 levels were elevated significantly at 8 hours following Con A injection ( Figure 2 ) (P<0.01). The for three days with 50, 100, and 200 mg/kg berberine, respectively. Western blot analysis was used to detect ACC phosphorylation. As shown in Figure 4A and 4C, the phosphorylated ACC/total ACC ratio increased significantly (P<0.01) after treatment with 100 and 200 mg/kg of berberine, indicating that berberine activated AMPK. There was no statistically significant difference in AMPK activation at berberine treatment doses between 100 and 200 mg/kg. Berberine (100 mg/kg) with or without Compound C (20 mg/kg), a specific inhibitor of AMPK, was administrated to mice for three days prior to Con A injection. As shown in Figure 4B and 4D, when compared with the Con A-treated group, berberine significantly increased the ratio of phosphorylated ACC to total ACC. These results indicated that berberine-activated AMPK was at least partially blocked by Compound C (P<0.01).
Compound C blocked the protective effect of berberine on liver injury
Berberine (100 mg/kg) with or without Compound C (20 mg/kg) were administrated to mice for three days; then the mice were injected with Con A. Berberine pretreatment effectively reduced the serum ALT and AST levels in Con A-stimulated mice. The ALT and AST levels in the berberine plus Compound C-treated group were significantly greater compared with those in the berberine-treated group ( Figure 5A , 5B) (P<0.01). Histological changes were observed with routine hematoxylin and eosin (H&E) staining ( Figure 5C ). Liver cell necrosis and mononuclear cell infiltration were increased in the berberine plus Compound C group compared with the berberine group. These results indicated that AMPK activation might be involved in the protective effect of berberine on liver injury.
Compound C blocked berberine regulation of cytokine secretion
Berberine (100 mg/kg) treatment of mice, with or without Compound C (20 mg/kg) were administrated to mice for three days, followed by injection of Con A. Eight hours following injection, blood and liver samples were collected. Serum cytokine levels were measured by ELISA. When compared with the berberine-treated group, the TNF-a, IFN-g, IL-1b, and IL-2 levels were significantly increased in the berberine plus with the berberine-treated group, the TNF-a, IFN-g, IL-1b, and IL-2 levels in the berberine plus Compound C-treated group were significantly increased ( Figure 7A-7D ) (P<0.01). These results indicated that the mRNA level of IL-10 was not significantly changed by treatment with berberine and Compound C.
Discussion
The findings from this study, using a murine model of autoimmune hepatitis (AIH), have demonstrated the immunosuppressive effects of berberine on the inflammatory response induced by concanavalin A (Con A) and the inhibitory effects the synthetic, reversible AMP-competitive inhibitor, Compound C. By inhibiting the activation and differentiation of immune cells, berberine may be studied further in the treatment of several immune disorders such as autoimmune neuritis, myocarditis, encephalomyelitis, ocular Behçet's disease and inflammatory bowel disease [13] [14] [15] [16] [17] . Because studies on the effects of berberine on Con A-induced hepatitis had not yet been undertaken, the aim of this study was to investigate the effects of berberine on Con A-induced AIH in mice via AMPK signaling pathway. with 100 mg/kg berberine with or without 20 mg/kg Compound C for three days. At 8 hours after Con A injection, the serum and liver samples were collected. Serum alanine aminotransferase (ALT) (A) and aspartate aminotransferase (AST) (B) levels were detected with an enzyme-linked immunoassay (ELISA). C is a photomicrograph of the mouse liver tissue section stained with hematoxylin and eosin (H&E) (magnification, ×200), data are expressed as the mean ±SD (n=6 Previous studies have shown that immunoregulatory cytokines play an important role in Con A-induced liver injury. Tumor necrosis factor (TNF)-a and interferon (IFN)-g directly promote hepatocyte apoptosis, and function in the initiation of Con A-induced injury [18] . Lavon et al. reported that TNF-a and IFN-g expression levels significantly increased one hour following Con A injection [18] . Following the binding of TNF-a to TNFR-1, this complex activates three important intracellular signaling pathways via TRADD and FADD, namely, caspase-8, nuclear factor-kappa B (NF-kB), and c-Jun N-terminal kinase (JNK), eventually leading to cell injury [20] . IFN-g promotes liver cell injury via several different pathways [21] . Mice that overexpress IFN-g may develop chronic hepatitis, as IFN-g triggers STAT1 activation, and STAT1 induces apoptosis [22] . Also, TNF promotes the expression of major histocompatibility complex (MHC) class I antigens in T-cells, enhances T-cell proliferation, and promotes the secretion of multiple interleukins [22] . which can be used as an important indicator of T-cell and NK cell functions [22, 23] . Shen et al. reported that IL-2 and IL-1b levels started to increase at three hours after injection of Con A, and peaked at six hours [23] . IL-2 and IL-1b are pro-inflammatory factors that synergistically work with each other to stimulate T-cell proliferation, activate CD8+ T-cells to cytotoxic T-lymphocytes.
In the present study, pro-inflammatory cytokines were shown to be induced in Con A-treated mice, leading to hepatocyte damage. The findings of the present study demonstrated that the levels of TNF-a, IFN-g, IL-2, and IL-1b in the liver and serum of mice were significantly increased after Con A injection. Berberine was shown to reduce Con A-induced cytokine expression and release, which was reflected in the reduction of ALT and AST. These results indicate that berberine can protect 6159 against Con A-induced liver damage by suppressing pro-inflammatory cytokine expression and release. Unlike the pro-inflammatory cytokines described above, IL-10 can inhibit inflammation and protect hepatocytes. In support of the findings of this present study, He et al. reported that serum IL-10 expression levels were significantly increased in a mouse model of Con A-induced immune liver injury [24] .
Di Marco et al. reported that the TNF-a, IFN-g, and IL-12 levels in mice injected with Con A were 47%, 47%, and 80% lower than those in the control group, respectively following injection of recombinant IL-10 [25] . Injection of IL-10 neutralizing antibody increased Con A-induced liver injury [25] . The present study demonstrated that the serum IL-10 levels significantly increased following Con A injection, which may be considered to be a feedback mechanism to suppress liver inflammation. Compared with the Con A injection group, berberine pretreatment further increased the levels of IL-10. These results suggested that berberine can, at least partially, inhibit liver inflammation and reduce liver injury by upregulating IL-10 expression. However, compared with the control group, IL-10 levels were not significantly altered in the livers of Con A-treated mice, and berberine did not significantly increase the hepatic IL-10 levels. These results are supported by the findings from the study by Sass et al., which demonstrated that serum IL-10 was mainly expressed in the spleen rather than the liver [26] .
In addition to the regulation of cellular metabolism, published evidence supports that adenosine 5'-monophosphate (AMP)-activated protein kinase (AMPK) exerts anti-inflammatory and immunosuppressive effects. AMPK signaling was found to be involved in controlling immune-related diseases such as autoimmune encephalomyelitis, arthritis, and inflammatory bowel disease [27, 28] . AMPK is highly expressed in several immune cell types, including macrophages, lymphocytes and dendritic cells [28] . After AMPK activation, by agents such as metformin and the AMP analog 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR), T-cell mediated immune responses can be suppressed, as shown by inhibition of T-cell differentiation and reduction of cytokines and chemokines [29] [30] [31] . Based on previous reports, it is possible that AMPK activation can play a role in inhibiting or suppressing Con A-induced hepatitis.
The findings of the present study also showed that berberine activated AMPK and that levels of phosphorylated acetyl coenzyme-A carboxylase (ACC), representing AMPK activation, were associated with an increased ratio of phospho-ACC/total ACC. The AMPK signaling pathway was activated by berberine and inhibited by the synthetic, reversible AMP-competitive inhibitor, Compound C. Compound C exacerbated Con A-induced liver damage and increased the levels of proinflammatory cytokines relative to Con A-stimulated mice pretreated with berberine.
The regulation of cytokines by AMPK is known to be associated with the activity of some transcriptional factors, as upon AMPK activation, NF-kB and JNK pathways are inhibited, which mediates the expression and release of cytokines induced by inflammatory stimuli [32, 33] . Also, the immunosuppressive effect of AMPK appears to be associated with its regulation of cell metabolism [34] . Activated immune cells utilize aerobic glycolysis, while their inactivated or anti-inflammatory counterparts tend to utilize oxidative metabolism [31] . AMPK activation markedly promotes lipid oxidation, in addition to reducing cytokine release, AMPK activation restricts cytokine-induced inflammation and damage by inhibiting the related signaling pathways, for example, AMPK activation blocks IFN-g-induced expression and transcriptional activity of STAT1 [31] .
Con A-induced mouse hepatitis is a well-defined animal model for studying autoimmune hepatitis (AIH) [35] . In this model, intravenously injecting animals with Con A results in systemic immune activation and causes liver cell damage, which is similar to the pathological characteristics of human AIH. The clinical manifestations of AIH include elevated serum aminotransferases, specific autoantibodies in the serum, and hypergammaglobulinemia, which may eventually develop into cirrhosis. Currently, the pathogenesis of AIH and the exact cause triggering its occurrence are not fully understood. Although the role of MHC antigens in AIH have been extensively studied, the effect of the different changes in the MHC allele remains unclear, but the role of the MHC enhances the immunogenicity of the antigen and stimulates a strong T-cell response [36] . At the early stage of AIH, it is mainly CD4+ cell activation, followed by CD8+ cytotoxic T-cells, with activated T-cells and macrophages releasing a variety of cytokines, including IL-1b, IL-2, IL-4, IL-6, IL-10, IL-12, TNF-a, and IFN-g [37] . Uncontrolled inflammation in AIH leads to chronic persistent liver damage [38] . Therefore, disease progression in AIH could be delayed, and liver damage could be reduced by controlling the inflammatory response. Currently, glucocorticoids and immunosuppressive agents are commonly used to treat AIH. However, these drugs are associated with adverse effects, which limit their long-term use. Clinical studies have confirmed the safety and efficacy of berberine [39] . This drug has few severe adverse effects, and, so far, no studies have reported any liver injuries associated with berberine use, which is also supported by the results of this study. In this study, there were no differences in the levels of aminotransferases in the liver tissue and serum between the untreated mice and the mice treated with berberine alone.
Conclusions
In a murine model of concanavalin A (Con A)-induced autoimmune hepatitis (AIH), berberine treatment reduced hepatic injury via activation of the adenosine 5'-monophosphate
